Motorized traffic is a major source of air pollutants such as nitrogen dioxide (NO2) and suspended particulate matter.'v2 Yet, relatively few studies have looked at the health of subjects living near busy roads. The prevalence of respiratory symptoms was found to be elevated among subjects living near busy roads in five ~t u d i e s .~-~ Two case-control studies found that hospitalizations for wheezing bronchitis among children 4-48 months old, and for asthma among children less than 5 years old, respectively, were related to measures of traffic density8x9; air pollution exposure was not measured in either of these studies. Some studies have relied o n distance of home address from major road^.^,^ Others have used self-reported traffic d e n~i t y .~.~ Two studies modeled NO2 concentration~.~$ on O n e study used density of traffic the main road through school district^.^ The absence of objective measurements of lung function in all but one study is another limitation.
In this study, we evaluated the extent to which lung function in children living near motorways is related to air pollution generated o n the motorway. We measured Supported by a grant from the Department of the Environment of the Province of South Holland.
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lesser association with automobile traffic density. The association was stronger in children living closest (<300 m) to the motonvays. Lung function was also associated with the concentration of black smoke, measured inside the schools, as a proxy for diesel exhaust particles. The associations were stronger in girls than in boys. The results indicate that exposure to traffic-related air pollution, in particular diesel exhaust particles, may lead to reduced lung function in children living near major motonvays. (Epidemiology 1997; 8:298-303) nitrogen dioxide, black smoke, automobiles, trucks, diesel.
lung function in schoolchildren living near major motorways in the Netherlands. W e assessed the precise location of home and school for each child. W e also measured air pollution in the classrooms of the children. For each motorway, separate traffic counts were available for automobile and truck traffic. 3 ; Leiderdorp, 2 of 3).The reasons for which schools declined participation were not related to the exposure variables under study. Nonparticipating schools were located at distances from the motonvays similar to those of participating schools. All 1,498 children in grades 4-7 (ages 7-12 years) were asked to participate, and informed consent forms were distributed to their parents. Of these, 1,242 children (82.9%) agreed, and each child then received a questionnaire. Eventually, 1,068 questionnaires (71.3%) containing usable data were returned. W e carried out lung function testing on 1,191 children (79.5%); 1,092 of these children were able to perform an acceptable Most of the children lived within 1,000 m from the motorway. We restricted the data analysis to these children, as it is unlikely that air pollution levels at greater distances were influenced much by motorway traffic. Of all 1,092 children with a valid lung function test, 877 lived within 1,000 m of the motorway. Of these, 778 also had usable questionnaire data. The 99 children who had no questionnaire data were not different in lung function from the children with full lung function and questionnaire data. Table 1 shows the distribution of the 877 children over the six areas. Table 2 shows some characteristics of the study population. Most children (85%) had lived at their current address for at least 3 years.
Methods

AIR POLLUTION EXPOSURE
We assessed exposure to traffic-related air pollution in the following ways:
1.We measured the distance (in meters) of home and school to the motorway on 1:1,000 scale maps. Rotterdam-Overschie is located on both sides of the A13 motorway and on one side of the A20 motorway; the other areas are located on one side of the motorway. 2. We ascertained traffic density. We used weekday counts of motorway traffic for 1993 to classify traffic density on the motorways." Counts have been increas- tubes.14 Reflectance of PM,, filters was measured using the Organisation for Economic Cooperation and Development (OECD) method for black smoke (BS) to measure the "blackness" of the indoor particles.15 Outdoor side-by-side measurements of reflectance of PM,, filters and filters exposed according to the OECD method showed excellent agreement (correlation = 0.94), so we converted the reflectance of the indoor PM,, filters into BS concentrations. PM,, equipment was operated on timers set to sample air only when the children were in school. Although measurements were conducted for 2 months in each school, measurements were conducted in all schools simultaneously only in June. The June measurements were consequently used in all further analyses.
We used wind direction data obtained from Rotterdam airport to evaluate the percentage of time that schools had been downwind of the motorway (in a 120" sector surrounding the perpendicular line connecting the school to the motorway) during indoor air pollution measurements and during or preceding lung function tests.
LUNG FUNCTION
We measured lung function at the schools, following ECCS procedures,'0 between May 23 and July 7, 1995.
We used Vicatest-5 rolling-seal spirometers. For each child, at least three acceptable maneuvers had to be obtained. A detailed description of the method was published pre~iously.'~ We measured the height and weight of the children in stockinged feet. Measurements in Dordrecht and Rotterdam-Overschie occurred on and after days with winds coming from the motorway. In the other four areas, schools were generally upwind from the motonvay during and on the 3 days before lung function measurements.
Information on potential confounders was collected by questionnaire. We inquired about age (in years), gender, parental respiratory symptoms (yeslno), smoking in the home (yeslno), presence of pets (yeslno), damp or mold stains in the home (yeslno), ethnicity (DutchlnonDutch), number of persons in the household, gas cooking (yeslno), gas-fired, unvented water heaters (yeslno), and socioeconomic status (highest level of education attained by the parent completing the questionnaire).
We used a log transformation to normalize residuals for lung function, height, weight, and age. 17 We employed multiple linear regression to investigate the relation between air pollution exposure and lung function. Truck traffic density and automobile traffic density were uncorrelated on the investigated motorways, because the motonvays near the Rotterdam port carry a high proportion of truck traffic. whereas the motorwavs near The Hague (seat of government) carry relatively few trucks. We analyzed both types of traffic jointly in the multiple regression analysis. We evaluated the distance variable "home within 100 m" in the same model. The correlation between BS and NO2 in schools was high (>0.70); we evaluated these two variables separately. We adjusted all analvses for the ~otential confounders mentioned earlier, with the exception of parental respiratory symptoms, which could also have been influenced by air pollution from traffic. We therefore evaluated this variable in separate analyses. To investigate effect modification bv distance, we restricted some analvses to children living within300 m from the motorway. Stratified analyses were also conducted by gender, ethnicity, truck traffic density, and number of years in the area. (Table 3) . Indoor concentrations of BS and NO, in the schools are shown in Table 3 . PM,, concentrations in the schools were highly variable and higher than those measured outdoors, confirming earlier experiences with in-school measurements of PM,,.19 This finding probably reflects resuspension of particles stemming from activity of the children. In contrast, BS concentrations derived from the PM,, filters were comparable with outdoor concentrations and much less variable over time. Owing to equipment failure, we obtained no particle data in the Delft school. There was a fourfold range in mean BS and NO, concentrations among schools. We examined the relation of the school concentrations with distance from the motorway, truck traffic density (for BS), total traffic density (for NO,), and percentage of time downwind from the motorway. BS concentrations were related to truck traffic density and percentage of time downwind, but not to distance from the motorway. NO, was related primarily to total traffic density and percentage of time downwind. Table 4 shows that, for all children living within 1,000 m of the motorways, truck traffic density was related to forced expiratory volume in 1 second (FEV,), peak expiratory flow (PEF), and forced expiratory flow, midexpiratory phase (FEF25-75%). The estimated effects ranged from -2.5% for FEV, to -8.0% for PEF, per 10,000 trucks. The coefficients for BS, automobile traffic density, and NO, (FEF,,-,,, only) tended to be negative also. After restriction of the analysis to children living within 300 m, the estimated effects of truck traffic den- Table 5 show that the estimated effects of truck traffic cht with the highest response rate also had the highest density were stronger in girls than in boys.
AIR POLLUTION AND LUNG FUNCTION EXPOSURE
air pollution exposure, and lung function of children Figure 1 shows estimated mean levels of FEV, for each going to this school was lower than lung function of the of the six areas, for children living within 300 m from children in the other Dordrecht schools. the motorways, after adjustment for confounders. The
It is unlikely that the results of the lung function tests figure shows a clear exposure-response relation.
were biased. Tests were performed at school without Other stratified analyses showed little effect modifiparents being present, using two investigators and two cation. There was an indication that children living within 100 m of the motorways in the areas most exspirometers in all schools. At the time of the tests, the posed to truck traffic (Dordrecht and Rotterdam-Overinvestigators were unaware of traffic counts and of the schie) had poorer lung function than children living results of air pollution measurements. We calculated farther away. distances from homes and schools to the motorways after lung function had been measured.
Discussion
Children in Dordrecht and Rotterdam-Overschie, but
We consider the participation rate of 81% of eligible not in the other four locations, were examined on days children to be satisfactory. The areas most exposed to with wind coming from the motonvay. It is therefore truck traffic (Dordrecht and Rotterdam-Overschie) had possible that the effect on lung function could have been the lowest response (73-74%), and the least exposed a c~t e .~O -~To evaluate this possibility, repeated observa- tions of lung function on days with different wind directions are needed. At school, children were exposed to similar levels of air pollution during the daytime, when concentrations of traffic-related air pollutants are highest. This aggregation effect probably explains why differences in lung function were more pronounced between areas than within areas.
The effects that we estimated were larger than those reported from M~n i c h ,~ more perhaps because of the precise exposure classification in our study. The only other study relating respiratory health indicators with truck traffic6 relied on self-reported traffic density.
Occupational studies have provided some evidence that exposure to diesel exhaust is associated with chronic respiratory effect^,^^-*^ but results of these studies have been inconsistent. Most occupational studies have been cross-sectional, and selection effects may have occurred. Also, the studies were conducted almost exclusively among males. Ulfvarson et a1 observed acute changes in lung function among ferry crew members exposed to diesel exhaustz8 and found them to be related primarily to diesel exhaust particles. 19 Studies on chronic effects of air pollution on lung function of children have focused on the comparison of random samples of children between communities with different levels of air p o l l~t i o n .~~~~' These studies did not allow comparison of subjects living close to busy roads with subjects living further away.
The predominance of the associations in girls is intriguing. Others4s8Jz have found similar difference~ between boys and girls. Effects of "passive smoking" on lung function were found to be stronger in boys than in girls in some s t~d i e s .~~J~ Such effects, however, may be related primarily to prenatal exposure.
Diesel powered vehicles have much larger emissions of particles than gasoline-powered vehicles. 35 Per km Epidemiology May 1997, Volume 8 Number 3 driven, the emission of submicronic particles by heavyduty diesel trucks may be 100 times greater than the emission of a catalyst-equipped, gasoline-powered automobile. Diesel exhaust particles contain large amounts of elemental carbon (EC), which contributes much to the "blackness" of particles as measured by the OECD method for BS. A side-by-side comparison of BS and EC measured near a busy road in Berlin, Germany, in 1991 found a close relation (R2 = 0.96).36 Apparently, BS measurements represent diesel exhaust particles (as opposed to tire abrasion, which results in organic carbon) -hell in such situations.
Oberdorster et aP7 have recently hypothesized that submicronic particles have a role in the effects of fine particulate matter air pollution on health. Diesel engines emit large numbers of ultrafine particles, and the number of submicronic particles has been shown to be influenced by traffic close to busy roads.38 Long-term exposure to submicronic particles is therefore likely to be increased in subjects living close to busy roads, especially those roads carrying many diesel-powered trucks.
A separate analysis of the respiratory symptom data collected in the studv has shown that truck traffic densitv and black smoke concentrations were also associated with increased reporting of chronic respiratory symptoms [van Vliet P, Knape M, de Hartog J, Janssen NAH, Harssema H, Brunekreef B. Air pollution from road traffic and chronic respiratory symptoms in children living near motorways (submitted for publication)].
